We have investigated the effect of ultrasonic vibration on the alloy riser thus reducing the volume and improving the microstructure of molten A356 alloy. A unique horn shape and shrinkage cavity mold was designed for this study. High power ultrasonic vibration was then introduced into the riser of the molten aluminum during solidification of the A356 alloy. As a result, the shrinkage cavities are decreased and the riser efficiency is improved. In addition, the morphology of primary ¡-Al phase in the casting alloy changes from dendrite to granule in nature after the ultrasonic vibration treatment. This study suggests that ultrasonic vibration can be used to reduce the riser volume in an A356 alloy casting sample.
Introduction
Hypoeutectic AlSi alloys are the most important Al casting alloys due to high fluidity, low shrinkage in casting, high corrosion resistance, good weldability, and low thermal expansion coefficient. 1) Among the developed Al-Si alloys, A356 is extensively applied to structural components such as supporting brackets, automobile wheels, and cylinder blocks and heads, and other engine body castings.
2) A356 alloy is processed with a variety of casting techniques for its various applications, 3) and the gravity casting method is widely used to cast an intricate shape such as a cylinder head. While several factors are in general considered for the gravity casting techniques, the efficient riser and the casting design mainly act as the significant parameters to produce high quality of casting products.
The riser efficiency is critical to lower the casting weight and to thin the casting which, in turn, decreases recovery ratio of whole casting. Various techniques have been reported in order to improve the riser efficiency. A method using arc plasma is introduced into the molten alloy in the top riser. 4) Another method is Rotacast μ casting process. 5) This technique pours the molten alloy into a top or a bottom position of mold gate and then tilts the mold to disperse the molten alloy to the walls of mold.
6) The riser efficiency can be also improved by delaying the solidification of riser using thermal insulating materials in the upper riser. This method, however, is not practical due to high cost and the low melting temperature of A356 alloy. Furthermore, the addition of thermal insulating materials cause problems to recycle the used A356 alloys.
Recently, ultrasonic techinique has been applied in order to improve the riser efficiency. The ultrasonic technique with high intensity is widely used in industries to reduce friction, machining, welding, scale removal, and melt cast process. 7, 8) It has been well known that the nonlinear ultrasonic vibration induces cavitation, acoustic streaming, emulsification, and radiation pressure. 9, 10) These effects of ultrasonic vibration can be then used for microstructure refinements, microsegregation reduction, and formation of secondary phases.
1115) Nevertheless, it has been hardly investigated that the ultrasonic vibration effectively decrease the riser volume by delaying solidification and by reducing the shrinkage cavity in alloys.
In this study, we reduced the size of riser volume by applying the nonlinear untlrasonic vibration into molten A356 alloy in the specially designed shrinkage cavity mold (SCM). In addition, a magnetostrictive transducer type was used to generate ultrasonic vibration instead of using a piezoelectric type. The newly developed ultrasonic equipment was then used to investigate the influence of ultrasonic treatment on the microstructure of A356 alloy. The results showed that shrinkage cavities and porosities in the casting alloy drasticallay decreased by the applied ultrasonic energy. We also discussed here the mechanisms of ultrasonic treatment for the improved riser efficency with its relation to the mechanical properties as well.
Experiment Procedures
We used a hypoeutectic Al7Si alloy (A356 alloy) which is free from any additional elements such as Sr, Na, Ti, and Sb. Table 1 shows a nominal chemical composition for the used A356 alloy.
The A356 alloy was melted in an electric furnace at 730°C and then underwent degassing treatment at 720°C. This molten A356 alloy was stabilized at 710°C for 20 min and then poured into a shrinkage test mold and a thin cup mold. The cast for tensile test was T6 heat treated while the as-cast was used for microstructural investigation. Details of the aging temperature and time are listed in Table 2 . Figure 1 shows the magnetostrictive transducer ultrasonic device with a corn horn used in this study. The materials of magnetic type transducer and horn respectively consist of FeCo and SKD 61 (ASTM H13-hot work steel). The magnetostrictive transducer has a higher Curie temperature comparing to the piezoelectric transducer. 16) For shrinkage test, the mold was specially designed with the shape of hourglass and was used to observe the effect of ultrasonic vibration on the reduction of casting riser and the elimination of shrinkage cavity. Solidification patterns were first simulated using the commercial CAE program Flow-3D (Ver. 11.01) in order to determine the casting condition. Shrinkage mold was visualized with the same shapes as the devices used in the experiments using the 3D CAD program. The shrinkage mold model made in the CAD program was read into the casting simulation program and the values of physical properties in the actual conditions of the experiments were substituted. Table 3 shows the casting conditions used in this study. The alloy was then poured into the SKD 61 shrinkage test mold pre-heated at 200°C.
A cooling curve was measured to determine the effect of solidification delay by the ultrasonic treatment for the Al-7 mass% Si alloy, and the tested specimens were cooled at the constant cooling rate of 2.5°C/s. We used a K-type thermocouple with 0.25 mm in diameter to measure the temperature of permanent mold. The temperature was recorded every 0.1 s with A/D converter.
X-ray radiography (V«tomex« xL300, General Electric Co.) with a 3D tomography computation system was also used to measure the morphology, number, size, volume and position of pores in the casting with a high resolution of 1 µm. Details of microstructural change was also observed using optical microscope (OM, Nikon, ECLIPSE MA200). The crosssectional sample was prepared from the casting sample and then the sample was mirror polished. The polished samples were then etched by Keller solution for OM observation. After the microstructural investigation, tensile test was carried out to evaluate the mechanical properties of ultrasonicated alloy. For the mechanical tests, we used Instron-5989 tester (Germany) with tensile test specimens prepared in the form of ASTM 370-05 sub size. A tensile test was performed by 1.4 © 10 ¹3 s ¹1 of strain rate at room temperature. Also, the non-contacting advanced video extensometers-AVE was used to measure an elongation of test specimen. We measured the tensile strength and elongation more than ten times for each specimen to average the mechanical properties.
Results and Discussion
Figure 2(a) shows an acrylic water tank to determine the optimum frequency of ultrasonic vibration. The viscosities of water and the molten A356 alloy are almost same at room temperature. 17) Because the water and the molten A356 alloy have similar viscosities, the water can be used to estimate the maximum amplitude and resonant frequency of the molten A356 alloy under ultrasonic vibration generated by the magnetostrictive transducer. The ultrasonic energy was then directly applied to the water and the ultrasonic cavitation reached up to the depth of 300 mm in the water. Figure 2(b) shows the amplitude with respect to the frequency generated by the magnetostrictive ultrasound device. The ultrasonic vibration has the maximum amplitude at the frequencies of 12.5 and 25 kHz. The measured frequencies were used to investigate the shrinkage cavity and the riser reducing with the electric power of 1000 W. Then, we directly applied the ultrasonic vibration to the molten A356 alloy in order to investigate the effect of ultrasonic vibration on the temperature change of the molten A356 alloy. Figure 3 shows the cooling curves for the molten A356 alloy in the basin preheated at 750°C under the ultrasonic vibration and without the ultrasonic vibration. The cooling curve shows that the solidification rate of ultrasonic treated molten metal is slower than it of conventional alloy (nonultrasonic treated molten A356 alloy). As shown in Fig. 3 , for example, the temperature of ultrasonicated sample is 42°C higher than it of non-ultrasonicated molten A356 alloy at the solidification time of 250 s. This result indicates that solidification delay can be achieved by applying the ultrasonic vibration to the casting riser. Figure 4 shows the simulation results for solidification patterns with respect to the different riser volumes of (a) 100%, (b) 60% and (c) 0% with ultrasonic vibration. The simulations were performed for the mold cavity angle of 76 degree. As shown in Fig. 4(a) , the shrinkage cavity is not observed when the riser is 100% filled with the Al molten metal. For the 60% filled riser, however, the shrinkage cavity is formed as shown in Fig. 4(b) . Furthermore, the size of shrinkage becomes larger in the mold with no riser. From the simulation results, the relatively large shrinkage cavity is formed in the bottom of the mold at 76 degree of the mold cavity. Based on the simulation results, the shape of hourglass SCM is determined. Then, 40% less of Al molten metal was poured into SCM in order to prove the riser efficient under the ultrasonic vibration. For the investigation of ultrasonication effect, we determined the temperature range based on the phase diagram of Al-Si as shown in Fig. 5 . It can be simply expected that no obvious ultrasonic vibration effect is observed in the liquid region (>620°C). Also, the ultrasonic vibration needs to stop near the eutectic temperature in order to prevent generating cracks in the solidified regions of alloy. Thus, the ultrasonic vibration is applied to the riser for the temperature range from 620°C to 590°C. The selected temperature is a solid-liquid co-existing region (mush zone) where the shrinkage cavity and porosity can be controlled by ultrasonic vibration. Figure 6 shows the CT photograph for the inside of 60%-filled castings from the non-ultrasonicated and the ultrasonicated castings. Figure 6(a) shows that the non-ultrasonicated castings possess huge shrinkage cavities and defects in the center with the shrinkage cavity volume of ³0.54%. By contrast, the shrinkage cavity in ultrasonicated casting drastically decreases down to 0.10% as shown in Fig. 6(b) . Based on the above results, the directly applied ultrasonic vibration effectively reduces not only the shrinkage cavities in the casting but also the size of the riser. The details of microstructural differences are followed. Figure 7 shows the microstructure of solidified casting in the SCM after direct ultrasonic treatment. As shown in Fig. 7(b) , a spherical ¡-Al is clearly observed in the upper riser region. Figure 7(c) shows the microstructure of A356 alloy in the SCM, which is slightly affected by direct ultrasonic vibration. As a result, a few amounts of pores (indicated by arrows) are formed in region II (Fig. 7(f ) ) as shown in radiographs (Fig. 6(b) ) and the shrinkage cavities are removed by ultrasonic vibration. By contrast, Figs. 7(d) and 7(e) show a typical dendrite structure. In addition, Fig. 7(d) shows the pores and the non-uniformly distributed eutectic Si phase in the matrix, while the fastest cooling region (Fig. 7(e) ) only consists of a fine dendritic microstructure. The above results then agree with the x-ray radiograph shown in Fig. 6 . From the microstructural investigation, it can be concluded that the ultrasonic vibration reduces the shrinkage cavity, while the relatively small amount of pores are still retained in the A356 alloy. Gong et al. 18) reported that the modification of primary ¡-Al phase is mainly resulted from the action of cavitation and acoustic stream of ultrasonic wave. The transient cavitation effect 19, 20) and vibration produces strong impact and then breaks the dendritic primary ¡-Al phase. In consequence, the acoustic stream uniformly disperses the dendritic primary ¡-Al phase to the melt so that the growth of dendritic primary ¡-Al phase is restrained. This is resulted in the formation of equiaxial primary ¡-Al phase. Thus, the morphological change of ¡-Al phase is subjected to the ultrasonic vibration. In this study, the ultrasonic vibration is applied to the region of semi-solid state. It is therefore the morphological changes of the grain originate from disappearing dendrite arm in the semi-molten alloy induced by ultrasonic vibration.
Based on the above results, it is considered that the ultrasonic vibration-induced cavitation effect and the rapid cooling-induced heterogeneous nucleation 21) are only formed in the top region of riser. On the other hand, the reduced casting defects such as shrinkage cavities and porosities in the casting are resulted from the effect of ultrasonic vibration supplied to the molten A356 alloy in the solid-liquid region.
We next performed the mechanical tests for the ultrasonicated alloy in order to investigate the influence of microstructural change on the mechanical properties of casting alloy. For the mechanical test, a tensile test was carried out for the specimens prepared from the riser and the casting parts. As shown in Fig. 8 , the yield stress and elongation increase for the riser part, which has the spherical dendrite microstructure (Fig. 7(b) ). On the other hand, the casting part shows the higher tensile strength comparing to the riser part.
Conclusions
In this study, we investigated the effect of ultrasonic vibration on the riser reducing and on the microstructure. The mechanical properties of A356 alloy was then investigated based on the microstructural change. The above results are then concluded as follow:
(1) The maximum resonance frequencies are 12.5, and 25 kHz obtained from a magnetostrictive transducer ultrasonic device. This method effectively reduces shrinkage cavities and porosities in A356 alloy. The volume of riser can be reduced down to ³40% by applying the ultrasonic vibration to the riser of SCM. (2) The ultrasonic vibration can be the effective method to reduce defects in castings and to delay the riser solidification, simultaneously. (3) The magnetostrictive ultrasonic transducer used in this study effectively generates the vibration effect in the A356 alloy. This can be applied to gravity casting industry.
